Mutations in the major hydrophilic region (MHR) of the surface antigen of hepatitis B virus (HBV) may result in vaccine escape, failure of immunotherapy and antiviral resistance. These mutants may be transmitted and constitute a public health threat. We aimed to determine the prevalence of MHR mutations of HBV in areas of high endemicity in Guangxi, China. HBV surface gene was analysed from 278 HBsAg-positive asymptomatic individuals recruited from Guangxi using cluster sampling. Three genotypes, B, C and I, were identified. The overall prevalence of MHR mutations is 17·6%. The prevalence of MHR mutations in genotype B (15·1%) is not significantly different from that in genotype C (16·4%). However, the prevalence in subgenotype C5 (31·1%) is significantly higher than in subgenotype C2 (13·0%) (χ 2 = 6·997, P < 0·05). The prevalence of escape mutations and overlapping polymerase substitutions in subgenotype C5 is significantly higher than in subgenotypes B2 and C2. In total, 7·9% of MHR mutants are escape mutations and 72·1% of MHR mutations produced amino-acid changes in the overlapping polymerase, including resistance mutations to entecavir. Our results suggest that the prevalence of MHR mutations varies with subgenotype. The prevalence of escape mutations and polymerase mutations may be associated with subgenotype.
INTRODUCTION
HBV has a circular, partially double-stranded DNA genome of about 3200 nt with four open reading frames (ORFs), namely the core/precore, polymerase, surface and X ORF [1] . The longest ORF encodes the viral polymerase (Pol; Pol-ORF), which encodes a reverse transcriptase (RT) activity that is essential for replication and is the target of nucleos(t)ide analogues (NA). The surface ORF is located within the Pol-ORF but in a different reading frame. This encodes the pre-S1, pre-S2 and S proteins (designated large, middle and small HBsAg, respectively) [2] . These three proteins share 226 carboxyl-terminal amino-acid residues. The central region of S-HBsAg (amino acids 99-169) is the major hydrophilic region (MHR) exposed on the surfaces of virions and subviral particles and harbours many B-cell epitopes [3] .
The MHR contains the 'a' determinant (residues 124-147) which was defined originally as the antigenic region shared by all serological variants of HBV and is the region primarily associated with the induction of a protective humoral immune response [4] and the immunodominant region of HBsAg [5] . Amino-acid substitutions and multiple changes in the 'a' determinant can modify the antigenicity and immunogenicity of hepatitis B virus (HBV) resulting in failure to react in immunoassays and antibody escape [6, 7] . Furthermore, the susceptibility of these variants to antiviral therapy may be altered because mutations in the surface ORF may result in amino-acid substitutions in the polymerase [8] .
The lack of a proofreading activity of the viral polymerase leads to a high rate of mutation during replication of the HBV genome. Traditionally, MHR mutants have been thought to be selected by the pressure of hepatitis B immunoglobulin, immunization or antiviral therapy. However, these variants also may occur naturally [9] ; they are stable and can be transmitted horizontally and vertically [10] and their circulation in the population may represent a public health threat [11] .
Guangxi was one of the first provinces in China to introduce universal immunization of all newborn infants with hepatitis B vaccine. In 2009, the Guangxi Government also carried out a free, mass catch-up immunization programme for those children aged <15 years who had not been immunized at birth. Although the prevalence of HBsAg in the entire general population of China was 7·2% in 2006, that of Guangxi was 9·2% in 2011 [12] . Clearly, despite the mass immunization programme, Guangxi remains in the category of high endemicity. However, data regarding the prevalence of MHR variants and subgenotypes is lacking.
In this cross-sectional study, we aimed to determine the prevalence of MHR variants and subgenotypes of HBV in the general population throughout Guangxi.
MATERIALS AND METHODS

Study subjects and sample design
The study subjects were selected from a study cohort, which has been described previously [12] . Briefly, the cohort was established by recruiting study subjects from a rural area of Guangxi province using stratified random cluster sampling, then a traditional village with a population of about 1000 was selected randomly from each county and inhabitants of all ages were recruited. All study subjects in the cohort whose stored serum samples remained available were included in the analysis. Informed, written consent was obtained from each individual. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Guangxi Institutional Review Board.
Serological testing
Serological testing was conducted in Guangxi Centre for Disease Prevention and Control. Sera were tested for HBsAg/anti-HBs, HBeAg/anti-HBe and antiHBc using enzyme immunoassays (Beijing Wantai Biological Pharmacy Enterprise, China).
Nested PCR for HBV DNA and nucleotide sequencing DNA was extracted from 85 μl serum by pronase digestion followed by phenol/chloroform extraction. First-round polymerase chain reaction (PCR) was carried out in a 50 μl reaction using primers LSOB1(nt 2739-2762, 5'-GGCATTATTTGCATACCCTTT GG-3') and P2 (nt 1823-1806, 5'-CCGGAAAGCTT GAGCTCTTCAAAAAGTTGCATGGTGCTGG-3') [13] , with 5 min hot start followed by 30 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 90 s. Second-round PCR was carried out on 5 μl of the first-round products in a 50 μl reaction using primers LSBI1 (nt 2809-2829, 5'-TTGTGGGTCACCATATT CTT-3') and POLSEQ3 (nt 1358-1339, 5' -CCGCGA GAGGACGACAGAAT-3') with the same amplification protocol as first round. Products from the second round were confirmed by agarose gel electrophoresis. HBV DNA-positive products were sent to Sangon Biotech (China) for sequencing using a BigDye Terminator v. 3·1 Cycle Sequencing kit (Applied Biosystems, USA) with sequencing primers POLSEQ3 and MD14 (nt 418-433, 5'-GCGCTGCAGCTAT GCCTCATCTTC-3').
HBV genotyping
HBV genotypes were determined using phylogenies reconstructed on the basis of the complete S region (678 nt) of the viruses. The sequences were aligned to 56 HBV sequences of all known genotypes retrieved from GenBank using Clustal W, and visually confirmed with the sequence editor BioEdit [14] . These sequences include B6-AB287314-USA, B6-AB287320-Greenland, B7-GQ358138-Indonesia, B8-AP011096-Indonesia, B9-GQ358152-Indonesia, C6-AB493844-Indonesia, C6-AB493843-Indonesia, C8-AP011107-Indonesia, C10-AB540583-Indonesia, C11-AB554020-Indonesia, C12-ABAB554018-Indonesia, C13-AB644281-Indonesia, C14-AB644283-Indonesia, AY226578-Woolly monkey, A1-M57663-Philippines, B9-GQ358149-Indonesia, B8-GQ358147-Indonesia, B7-GQ358137-Indonesia, B1-D23677-Japan, B2-AY 217358-China, B2-AF121249-Vietnam, B3-AB033555-Sumatra, B4-AB073835-Vietnam, B5-AB219427-Philippines, C1-AF458664-China, C2-AY217371-China, C3-X75656-Polynesia, C4-AB048704-Australia, C5-AB241109-Philippine, B1-AB073845-Japan, B3-M54923-Sulawesi, B4-AB100695-Vietnam, B5-AB 241117-Philippines, C1-AB050018-Japan, C2-AF 223960-Malaysia, C3-X75665-New Caledonia, C4-AB048705-Australia, C5-AB241111-Philippine, C16-AB644287-Indonesia, C15-AB644286-Indonesia, C14-AB644284-Indonesia, C13-AB644280-Indonesia, C12-AB554025-Indonesia, C11-AB554019-Indonesia, C9-AP011108-Indonesia, C8-AP011106-Indonesia, C7-GU721029-South Korea, C7-EU670263-Philippines, D1-Y07587-Germany, E-AB032431-Liberia, F-AY 090456-Nicaragua, G-AF160501-USA, H-AY 090460-USA, I1-FJ023659-Laos, I2-FJ023664-Laos, J-AB486012-Japan. Neighbour-joining trees were reconstructed under the Kimura two-parameter substitution model with the MEGA program [15] . The reliability of clusters was evaluated using an interior branch test with 1000 replicates, and the internal nodes with over 95% support were considered reliable.
Identification of MHR mutations and overlapping RT mutations
MHR mutations were originally evaluated using the Genafor/Arevir-geno2pheno drug resistance tool. Those identified as MHR mutations by the tool were then aligned to HBV reference sequences (AB073835 and AF223960), which were obtained from GenBank and used to exclude subgenotypes and polymorphisms. The mutations were categorized into general mutations and escape mutations.
Statistical analysis
Statistical comparisons of the prevalence of MHR mutations, between men and women and across the various genotypes and different counties were performed using χ 2 tests. The 95% confidence intervals (CIs) for the prevalence of MHR mutations and genotypes were estimated.
All P values were two-tailed and P < 0·05 was considered to be significant. Logistic regression analysis was performed to determine factors associated with MHR mutations. Statistical analysis was performed using Epi Info v. 6.1 (CDC, USA) and SPSS v. 13.0 (SPSS Inc., USA) software.
RESULTS
Baseline characteristics
The study subjects were 278 HBsAg-positive asymptomatic individuals, including 153 males and 125 females. The youngest and oldest were aged 3 and 89 years, respectively, and their average age (mean ± S.D.) was 34·9 ± 18·7 years. Eighteen individuals were positive for both HBsAg and anti-HBs (two were immunized, 12 were not immunized and the immunization history of four was unknown). Forty-one had been immunized against HBV but 167 had not received the vaccine. The immunization history of the remaining 70 is unclear. None of these individuals had received antiviral or immunoglobulin therapy (Table 1) .
Overall prevalence of MHR mutations according to sex and age
The overall prevalence of MHR mutations was 17·6% (49/278, 95% CI 13·1-22·1). The prevalence in males and females was 19·0% (95% CI 12·8-25·2) and 16·0% (95% CI 9·6-22·4), respectively. There was no significant difference between males and females (χ 2 = 0·414, P > 0·05). The overall prevalence of escape mutations involved in diagnostic failures or in immunization with hepatitis B vaccine and hepatitis B immunoglobulin (HBIG) therapy within the MHR was 7·9% (22/278, 95% CI 4·7-11·1). The prevalence of escape mutations in males and females was 9·8% (95% CI 5·1-14·5) and 5·6% (95% CI 1·6-9·6), respectively. Again, no significant difference was found between males and females (χ 2 = 1·668, P > 0·05), suggesting that MHR mutations are not associated with sex. The prevalence of MHR mutations did not vary with age.
Prevalence of MHR mutations according to genotypes/ subgenotypes
Two hundreds and seventy-two of the 278 samples in this study could be genotyped. Three genotypes were found, B, C and I. Eighty-six belonged to genotype B, of which 70 and two were assigned to subgenotypes B2 and B4, respectively, but the remaining 14 could not be subgenotyped. Subgenotypes B2 and B4 account for 81·4% (70/86) and 2·3% (2/86), respectively. One hundred and eighty-three samples belonged to genotype C and subgenotypes C1, C2, C5 and C10 were found in 7, 108, 45 and 3, respectively. Subgenotypes C1, C2, C5 and C10 accounted for 3·8% (7/183), 59·0% (108/183), 24·6% (45/183) and 1·6% (3/183), respectively. The remaining 20 could not be subgenotyped. Three belonged to genotype I ( Supplementary Fig. S1a-c) .
The prevalence of MHR mutations in genotype B is not significantly different from that in genotype C (χ 2 = 0·071, P > 0·05) ( Table 2 ). In the stratification analysis according to subgenotype, there is also no significant difference in the prevalence of MHR mutations between subgenotype B2 and subgenotype C2 (χ 2 = 0·266, P > 0·05). However, the prevalence of MHR mutations in subgenotype C5 is significantly higher than in genotype C2 (χ 2 = 6·997, P < 0·05), and is also higher than in subgenotype B2, although the difference is not significant (χ 2 = 3·817, P > 0·05).
It is interesting that there is also no significant difference in the prevalence of escape mutations between subgenotypes B2 and C2 (χ 2 = 0·0008, P > 0·05) but the prevalence of escape mutations in subgenotype C5 is significantly higher than in subgenotypes B2 and C2 (χ 2 = 5·575, P < 0·05; χ 2 = 9·027, P < 0·05, respectively) ( Table 2 ). These data suggest that the prevalence of MHR mutations in the viral surface ORF varies with HBV subgenotype. Subgenotype C5 has a higher prevalence of MHR mutations and escape mutations.
Geographical distribution of the prevalence of MHR mutations
The prevalence of MHR mutations varies between the counties. The highest prevalence is in Napo county (35·4%, 95% CI 21·9-48·9) and the lowest is in Cangwu county (7·4%, 95% CI 4·2-14·4) (Fig. 1) . The difference in the prevalence of MHR mutations is significant between Napo and Cangwu counties (χ 2 = 12·194, P < 0·05), suggesting that the prevalence of MHR mutations of the viral surface ORF may also vary geographically.
Distribution of the mutations within the MHR
Forty-nine of the 278 study subjects had amino-acid substitutions in the MHR and 21 (42·9%) had amino-acid substitutions involving the 'a' determinant. Of these 49 subjects, 32 (65·3%) had a single mutation and 17 (34·7%) had a combination of 2-7 mutations, making a total of 43 mutations. Fourteen of the 43 mutations were located within the 'a' determinant, including nine in the first loop (amino acids 124-137) and five in the second loop (amino acids 139-147) (Fig. 2) . The most frequent substitutions were A159 V and V168A, which were found in 2·2% (6/278). The next frequent substitutions were S114 T, P120 T and Q129H, which were found in 1·4% (4/278). Variants which have been implicated in escape from passively acquired (via immunotherapy) or vaccine-induced antibody was found in 22 subjects (7·9%, 95% CI 4·7-11·1). Of these 22 subjects, eight had substitutions in the first loop, four had substitutions in the second loop and two had substitutions in both loops. Substitutions Y100C [16] , L109I [17] and M133 T [18] may lead to problems in diagnostic assays. The substitution I126S may lead to vaccine escape [18] . Substitutions T118 K [19] , P120S and S143L [18] may lead to both problems in diagnostic assays and vaccine escape. Substitutions Q129H and G145A may lead to vaccine and HBIG therapy escape [18] . Substitutions P120 T, T126N and G145R were involved in problems in diagnostic assays, vaccine escape and HBIG therapy escape [18] . Although substitutions S132 F was suggested as an escape mutation by the Genafor/Arevirgeno2pheno drug resistance tool, its clinical effects remains unclear (Table 3) . MHR, Major hydrophilic region; RT, reverse transcriptase; CI, confidence interval. The difference in the prevalence of MHR mutations between C5 and C2 is χ 2 = 6·997, P < 0·05. The differences in the prevalence of MHR mutations between B2 and C2, and B2 and C5, are χ 2 = 0·266 and χ 2 = 3·817, respectively (both P > 0·05). The differences in the prevalence of escape mutations between C5 and B2, and C5 and C2, are significant (χ 2 = 5·575 and 9·027, respectively, both P < 0·05) but the difference between B2 and C2 is not significant (χ 2 = 0·0008, P < 0·05). The differences in the prevalence of overlapping RT mutations between C5 and B2, and C5 and C2, are χ 2 = 8·789 and 3·887, respectively, both P < 0·05, but the difference between B2 and C2 is χ 2 = 2·04, P > 0·05. 
Impact of mutations in the MHR on the overlapping polymerase region
Of the 43 mutations leading to amino-acid substitutions in the MHR, 72·1% (31/43) produced amino-acid changes in the overlapping polymerase ( Table 3 ). The most frequent was rtI122N and T128N, corresponding to the substitutions S114 T and P120 T in the surface gene. Most of these changes (26/31) clustered in the A-B interdomain [2] . The remaining five changes were located in the B domain and one of them (rtI169N) is associated with resistance to entecavir when it is present with rtL180M+rtM204 V/I. The overall prevalence of overlapping RT mutations was 10·1% (28/278, 95% CI 6·6-13·6). The differences in the prevalence of overlapping mutations between subgenotypes C5 and B2, and C5 and C2 are all significant (χ 2 = 8·789 and 3·887, respectively, all P < 0·05) but the difference between subgenotypes B2 and C2 is not significant (χ 2 = 2·04, P > 0·05). The prevalence of overlapping RT mutations of subgenotype C5 is significantly higher, compared to that of subgenotypes B2 and C2 (Table 3 ). The data suggest that the prevalence of overlapping RT mutations corresponds with the prevalence of MHR mutations. 
Mutations in the S gene in subjects positive for both HBsAg and anti-HBs
Eighteen serum samples were positive for both HBsAg and anti-HBs. Only four of these had escape mutations. In order to search for mutations potentially associated with the co-existence of HBsAg and anti-HBs, the complete sequence of the S ORF was obtained from each of them. Various amino-acid substitutions were found, including S3N, T5A, T5I, V14A, A17 T, G18S, L21S, I25 F, W36R, F41S, L42I, T47A, T47P, S53L, P56S, T63I, P70R, C76G, L77R, L98 V, D99Y, S114 T, F170L, V177A, V194A, F200Y, S210N, C221Y, Y225S, N226H. However, according to current knowledge, none of these explains the co-existence of HBsAg and anti-HBs.
Multivariate logistic regression analysis of MHR status
Multivariable logistic regression analysis was performed to identify factors that affect the prevalence of MHR mutations. The independent variables included gender, age, ethnicity, county, immunization history, alanine aminotransferase, subgenotypes, anti-HBs, HBeAg, anti-HBe and anti-HBc. Subgenotype and county are associated with MHR mutations. Subgenotype C5 was associated with MHR mutations [P = 0·047, odds ratio (OR) 2·4, 95% CI 1·0-5·9]. Individuals from Napo and Binyang counties have a higher prevalence of MHR mutations (P = 0·002, OR 4·8, 95% CI 1·8-12·8; P = 0·007, OR 4·8, 95% CI 1·6-14·7, respectively). Immunization did not influence the prevalence of MHR mutations (Table 4) .
DISCUSSION
The major findings in this study are that the prevalence of MHR mutations varies with subgenotype. The prevalence of MHR mutations of viral surface antigen in subgenotype C5, including escape mutations and overlapping RT mutations, is significantly higher than in other subgenotypes. Subgenotype C5 is common in Guangxi, China. More than two thirds of the MHR mutations led to amino-acid changes in the overlapping RT. The strength of this study is that the study design included different sampling locations, representing the whole of Guangxi province, and stratified random cluster sampling. The former allowed us to obtain information regarding MHR mutations for the whole province and compare the difference between counties, the latter allowed information regarding MHR mutations to be obtained for all age groups. A weakness of the study is that some individuals had been immunized against HBV, which may impact the MHR mutations, although the impact did not reach a significant level. Another weakness is that all subjects in the study are asymptomatic carriers and we have not included chronic HBV patients, so we do not know if the results of the study would be the same as in a clinical setting. Understanding the prevalence of these mutations in a population is fundamental to immunoassay design and planning immunization programmes [20] . There have been some studies regarding the prevalence of naturally occurring MHR mutations [21] [22] [23] . However, most such studies were of clinical samples [20, [23] [24] [25] or blood donors [26, 27] . It has been reported that the prevalence of MHR mutations was associated with advanced liver disease [21, 28] . It also has been reported that age was a risk factor of MHR mutations [23, 24] . Therefore, data from clinical samples or blood donors may not reflect accurately the prevalence of MHR mutations in the general population. An elegant study conducted in China, which included the whole population, found that the prevalence of MHR mutations of genotype C is significantly higher than that of genotype B. Unfortunately, that study did not determine the prevalence rate of MHR mutations for subgenotypes [29] . In our study, we have the prevalence of MHR mutations for each subgenotype and found that the prevalence of MHR mutations differs significantly in subgenotypes.
It has been reported that there are some genotypespecific mutations in the HBV genome [30] [31] [32] . For example, the precore stop-codon mutation (A1896), accompanied by a C-to-T substitution at nt 1858 forming a base pair with it in the ϵ packaging signal, was found mainly in subgenotype C2 HBV. However, we could not find genotype-specific mutations in subgenotype C5. It is unclear why subgenotype C5 has such a high prevalence of MHR mutations.
In the present study, we also found that the prevalence of MHR mutations varies with geographical location. This could not be explained by genotypes or subgenotypes because the constituent of subgenotypes in each county is complicated and the sample size for each subgenotype in each county is too small to obtain statistical power. Therefore, the reason underlying the geographical difference in the prevalence of MHR mutations requires further study.
Amino-acid substitutions within the MHR may result in vaccine escape, failure of immunotherapy and lack of detection by commercial assays [33] . Nucleotide changes in the MHR may cause codon variations in the overlapping polymerase ORF [22] and alter susceptibility to antiviral therapy [8] . The mutations we found in this study may also lead to all these problems. Furthermore, we found that the prevalence of MHR mutations in subgenotype C5, including escape mutations and overlapping RT mutations, is significantly higher than in other subgenotypes. These findings are particularly useful for guiding the design of immunoassay, immunization programmes, immunotherapy and antiviral therapy, especially in regions where subgenotype C5 is common.
Our findings that the prevalence of MHR mutations varies with subgenotype may also be helpful in explaining some contradictory findings regarding genotypes and MHR mutations. For example, some studies reported that genotype D is a risk factor of MHR mutations [20] while others could not find this relationship [23] . When the subgenotypes were determined, it was found that the predominant subgenotype of the former is subgenotype D3, which has a higher prevalence of MHR mutations, while the predominant subgenotype of the latter is D7 [20, 23] . Therefore, these contradictory findings may be attributable to subgenotype.
It is believed that immunization may select mutations in the MHR [10] . However, immunization in the present study was not found to be a risk factor of MHR mutations. This may be attributed to the small sample size of the 1-15 years age group (the number of vaccinated children in this age group is only 20).
It has been reported that escape mutations in HBV are found predominantly in the first loop of the MHR, whereas those induced by immune pressure are located in the second loop [34] . In our study, about half of the escape mutations were located in the first loop. In addition, there were 14 subjects with co-existing HBsAg and anti-HBs in the study. In two of them, no mutations were found in the S gene. All of the other subjects had mutations in the S gene but none are escape mutations according to the Genafor database. It has been reported that specific HBsAg MHR N-glycosylation mutations are implicated in HBV immune escape [35] . It is unclear whether any of these mutations have created sites for N-glycosylation.
Because the surface and polymerase ORFs overlap, nucleotide changes within the S ORF could introduce amino-acid substitution(s) into the polymerase [35] . However, the polymerase is more conserved and not all variants in MHR were accompanied by amino-acid substitutions in the polymerase [23] . This was confirmed by our results.
HBV C1 and C2 subgenotypes are thought to be the first or second most prevalent HBV genotype C strains in China [36] [37] [38] . However, our finding that subgenotype C5 is the second most common subgenotype of genotype C challenges the traditional view. As mentioned in the Results section, there remaining four samples could not be genotyped and 34 samples could not be subgenotyped based on the complete S gene. In the future, we plan to re-genotype the samples, based on the entire genomic sequences.
SUPPLEMENTARY MATERIAL
For supplementary material accompanying this paper visit http://dx.doi.org/10.1017/S0950268815000242.
